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Higgs aTGC EWPO Top EW

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes Yes (365 GeV, Ztt)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) Yes 


(Rad. Return, Giga-Z) Yes (500 GeV, Ztt)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes No

CLIC Yes (μ, σΖΗ) Yes (Full EFT 
parameterization)

Yes 

(Rad. Return, Giga-Z) Yes 

HE-LHC Extrapolated from 
HL-LHC N/A → LEP2 LEP/SLD 


+ HL-LHC (MW, sin2θw) -

FCC-hh
Yes (μ, BRi/BRj) 


Used in combination 
with FCCee/eh

From FCC-ee From FCC-ee -

LHeC Yes (μ) N/A → LEP2 LEP/SLD 

+ HL-LHC (MW, sin2θw) -

FCC-eh
Yes (μ) 


Used in combination 
with FCCee/hh

From FCC-ee From FCC-ee 

+ Zuu, Zdd -
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Only possible at  
lepton colliders

Rates (signal strength)

(Inclusive) cross section
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Z physics via Z-pole:

or Rad. Return:

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (7)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (8)
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• Inputs included in the fits. (Used as provided in the ESU input documents.)
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2

• Inputs included in the fits. (Used as provided in the ESU input documents.)
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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Operator Notation Operator Notation
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�
�†�
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�
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�
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�
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�
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µ⌫ OuW

(q̄L�µ⌫dR)�Bµ⌫ OdB (q̄L�µ⌫dR)�a�W a
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$
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�
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(1)
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$
Da
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l̄L�µ�alL

�
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Dµ�) (ēR�µeR) O�e
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.
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Dµ�) (ēR�µeR) O�e

(�†i
$
Dµ�) (q̄L�µqL) O

(1)
�q (�†i

$
Da

µ�) (q̄L�µ�aqL) O
(3)
�q

(�†i
$
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.
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Dim 6 Top operators interfering with SM at LO
in 2→2, 2→3 Top production (tt, tt+X)  
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

3

Due to limited input, only these operators 
covered in ESU studies

But Top processes, e.g. tt, or ttH 
receive contributions from the other 

operators in this list:  
4 Fermion operators or Dipoles

⇒ Non-Global analysis

ttH

Ztt

in 2→2, 2→3 Top production (tt, tt+X)  
Dim 6 Top operators interfering with SM at LO
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.
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Hadron colliders
in 2→2, 2→3 Top production (tt, tt+X)  

4-Fermion Top operators interfering with SM at 
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�
d̄R�µdR

�
Oed

�
l̄L�µlL

�
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.
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Lepton colliders
Lepton colliders, via polarization  

(non-interfering)

in 2→2, 2→3 Top production (tt, tt+X)  
4-Fermion Top operators interfering with SM at 
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
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3

Top adds large number of operators
Global EW/H + Top fit: ⇒ Flavor assumptions?

+ Flavor (separate Top from light quarks)

in 2→2, 2→3 Top production (tt, tt+X)  
Hadron colliders
Lepton colliders

Lepton colliders, via polarization  
(non-interfering)

4-Fermion Top operators interfering with SM at 
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1 Latex Stu↵

GF = SU(3)q ⇥ SU(3)u ⇥ SU(3)d ⇥ SU(3)e ⇥ U(1)
5 (1)

GF �! SU(2)q ⇥ SU(2)u ⇥ SU(2)d (2)

SU(3)q ⇥ SU(3)u ⇥ SU(3)d �! SU(2)q ⇥ SU(2)u ⇥ SU(2)d (3)

C(1),(3)
�q �! diag

⇣
c(1),(3)�q , c(1),(3)�q , c(1),(3)�q,33

⌘
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c(1),(3)�l,11 , c(1),(3)�l,22 , c(1),(3)�l,33
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C�u �! diag (c�u, c�u, c�u,33) (6)

C�d �! diag (c�d, c�d, c�d,33) (7)

C�e �! diag (c�e,11, c�e,22, c�e,33) (8)

Cf� �! diag (cf�, cf�, cf�,33) (9)

CuV �! cuV,33, V =B, W, G (10)
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(ēR�µeR) (ēR�µeR) Oee
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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(ēR�µeR) Ole (q̄L�µqL) (ēR�µeR) Oqe�
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(8)
qu

(q̄L�µqL)
�
d̄R�µdR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�µTAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd�

l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�µ⌫uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

q̄iqj : a11 + a2YuY †
u + a3YdY

†
d + . . . (11)
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ūiuj : b11 + b2YuY †
u + . . . (12)

d̄idj : c11 + c2YdY
†
d + . . . (13)
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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ūiuj : b11 + b2YuY †
u + . . . (12)

d̄idj : c11 + c2YdY
†
d + . . . (13)
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(ēR�µeR) (ūR�µuR) Oeu (ēR�µeR)
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(ēR�µeR) Ole (q̄L�µqL) (ēR�µeR) Oqe�
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ūiuj : b11 + b2YuY †
u + . . . (12)

d̄idj : c11 + c2YdY
†
d + . . . (13)
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(8)
qu

(q̄L�µqL)
�
d̄R�µdR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�µTAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd�

l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�µ⌫uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

q̄iqj : a11 + a2YuY †
u + a3YdY

†
d + . . . (11)
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ud (ūR�µTAuR)

�
d̄R�µTAdR

�
O

(8)
ud
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) Oqe�

l̄L�µlL

�
(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd�

l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq�

l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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Fermionic operators with impact in tt, tt+X processes
Operator Notation Operator Notation
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
uR) Oeu (ēR�µeR)
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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ee+tt: 4
2-light (Had. coll.): 4 
2-Top: 2 

EW/H + e:  2
(Lepton colliders)

(4 heavy (4t prod): 11)
2 heavy-2 light: 14

2 Fermions 4 Fermions

-

-

∓

(Strong constr. from EWPO)
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The electro-weak couplings of the top and bottom
quarks – global fit and future prospects
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Abstract: We evaluate the implications of LHC and LEP/SLC measurements for the
electro-weak couplings of the top and bottom quarks. We derive global bounds on the
Wilson coe�cients of ten two-fermion operators in an e�ective field theory description.
The combination of hadron collider data with Z-pole measurements is found to yield tight
limits on the operator coe�cients that modify the left-handed couplings of the bottom and
top quark to the Z boson. We also present projections for the high-luminosity phase of the
LHC and for future electron-positron colliders. The bounds on the operator coe�cients
are expected to improve substantially during the remaining LHC programme, by factors of
1 to 5 if systematic uncertainties are scaled as statistical ones. The operation of an e+e≠

collider at a center-of-mass energy above the top-quark pair production threshold is ex-
pected to further improve the bounds by one to two orders of magnitude. The combination
of measurements in pp and e+e≠ collisions allows for a percent-level determination of the
top-quark Yukawa coupling, that is robust in a global fit.ar
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Global and optimal probes for the top-quark e�ective
field theory at future lepton colliders
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Abstract: We study the sensitivity to physics beyond the standard model of precise
top-quark pair production measurements at future lepton colliders. A global e�ective-
field-theory approach is employed, including all dimension-six operators of the Warsaw basis
which involve a top-quark and give rise to tree-level amplitudes that interfere with standard-
model e+e≠

æ t t̄ æ bW + b̄W ≠ ones in the limit of vanishing b-quark mass. Four-fermion
and CP-violating contributions are taken into account. Circular-collider-, ILC- and CLIC-
like benchmark run scenarios are examined. We compare the constraining power of various
observables to a set of statistically optimal ones which maximally exploit the information
contained in the fully di�erential bW + b̄W ≠ distribution. The enhanced sensitivity gained
on the linear contributions of dimension-six operators leads to bounds that are insensitive
to quadratic ones. Even with statistically optimal observables, two centre-of-mass energies
are required for constraining simultaneously two- and four-fermion operators. The impact
of the centre-of-mass energy lever arm is discussed, that of beam polarization as well. A
realistic estimate of the precision that can be achieved in ILC- and CLIC-like operating
scenarios yields individual limits on the electroweak couplings of the top quark that are
one to three orders of magnitude better than constraints set with Tevatron and LHC run I
data, and three to two hundred times better than the most optimistic projections made for
the high-luminosity phase of the LHC. Clean global constraints can moreover be obtained
at lepton colliders, robustly covering the multidimensional e�ective-field-theory space with
minimal model dependence.
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Probing top-quark couplings indirectly at Higgs factories
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Abstract: We perform a global e↵ective-field-theory analysis to assess the combined precision on Higgs couplings,

triple gauge-boson couplings, and top-quark couplings, at future circular e
+
e
� colliders, with a focus on runs below

the tt̄ production threshold. Deviations in the top-quark sector entering as one-loop corrections are consistently

taken into account in Higgs and diboson processes. We find that future lepton colliders running at center-of-mass

energies below the tt̄ production threshold can still provide useful information on top-quark couplings, by measuring

virtual top-quark e↵ects. With rate and di↵erential measurements, the indirect individual sensitivity achievable is

better than at the high-luminosity LHC. However, strong correlations between the extracted top-quark and Higgs

couplings are also present and lead to much weaker global constraints on top-quark couplings. This implies that a

direct probe of top-quark couplings above the tt̄ production threshold is helpful also for the determination of Higgs

and triple-gauge-boson couplings. In addition, we find that below the e+e� ! tt̄h production threshold, the top-quark

Yukawa coupling can be determined by its loop corrections to all Higgs production and decay channels. Degeneracy

with the ggh coupling can be resolved, and even a global limit is competitive with the prospects of a linear collider

above the threshold. This provides an additional means of determining the top-quark Yukawa coupling indirectly at

lepton colliders.

Key words: e↵ective field theory, top quark, lepton collider

PACS: 13.66.Fg, 14.65.Ha, 14.80.Bn

1 Introduction

After the discovery of the Higgs boson [1, 2], un-
derstanding the electroweak symmetry breaking mech-
anism remains one of the major challenges in particle
physics. The determination of Higgs couplings at the
Large Hadron Collider (LHC) is now approaching, and
in some cases surpassing, the 10% precision level. Im-
provements beyond this level can be foreseen at proposed
e
+
e
� colliders. These machines could run at a center-of-

mass energy of 240–250 GeV—where the maximum of
the e

+
e
�
! hZ cross section lies—or even above, and

would provide a much cleaner environment for precision
determination of Higgs couplings. Prospects have been
widely studied through global analyses in the standard-
model e↵ective field theory (SMEFT) and revealed that
improvements of up to several orders of magnitude can
be achieved compared to present limits [3–9].

Given the expected precision of measurements at fu-
ture lepton colliders, next-to-leading-order (NLO) theory
predictions in the SMEFT can potentially be relevant.

These corrections can involve e↵ective operators which
do not appear at leading order, and therefore provide
new opportunities in the exploration of physics beyond
the standard model (SM). The indirect determination
of the trilinear Higgs self-coupling, which enters single
Higgs production and decay processes at one loop, has
for instance already been studied [8–10].

E↵ective operators which give rise to anomalous tbW ,
ttZ, tt� and tth couplings of the top quark can also be-
come relevant at one loop. If future lepton colliders run
above the e+e� ! tt̄ and tt̄h production thresholds, these
operator coe�cients will be determined by direct mea-
surements (see Ref. [11] for a recent global study of top-
quark operators at future lepton colliders). Yet, at lower
center-of-mass energies, they enter in loop corrections
to other electroweak processes. Recently, it has been
pointed out that these corrections are not negligible al-
ready at the LHC [12]. Runs of future lepton colliders
below the tt̄ and tt̄h production thresholds may thus still
provide complementary information on top-quark cou-

1 E-mail: gauthier.durieux@desy.de
2 E-mail: jiagu@uni-mainz.de
3 E-mail: eleni.vryonidou@cern.ch
4 E-mail: cenzhang@ihep.ac.cn
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Probing the top quark flavor-changing couplings at CEPC *
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Abstract: We propose to study the flavor properties of the top quark at the future Circular Electron Positron

Collider (CEPC) in China. We systematically consider the full set of 56 real parameters that characterize the flavor-

changing neutral interactions of the top quark, which can be tested at CEPC in the single top production channel.

Compared with the current bounds from the LEP2 data and the projected limits at the high-luminosity LHC,

we find that CEPC could improve the limits of the four-fermion flavor-changing coe�cients by one to two orders of

magnitude, and would also provide similar sensitivity for the two-fermion flavor-changing coe�cients. Overall, CEPC

could explore a large fraction of currently allowed parameter space that will not be covered by the LHC upgrade.

We show that the c-jet tagging capacity at CEPC could further improve its sensitivity to top-charm flavor-changing

couplings. If a signal is observed, the kinematic distribution as well as the c-jet tagging could be exploited to pinpoint

the various flavor-changing couplings, providing valuable information about the flavor properties of the top quark.

Key words: top quark, flavor-changing neutral current, lepton collider

PACS: 13.66.Bc, 14.65.Ha, 14.80.Bn

1 Introduction

After the discovery of the Higgs boson [1, 2], the focus
of high energy physics turned to the study of its detailed
properties. While the Higgs measurements at the Large
Hadron Collider (LHC) could reach a precision level of
about 5%⇠10% [3] (except for the Higgs trilinear cou-
pling), precision measurements of Higgs couplings could
benefit from the cleaner environment of a future e+e�

collider. Among several proposals, the Circular Electron
Positron Collider (CEPC) in China [4, 5] is proposed to
run as a Higgs factory at 240 GeV, which maximizes the
e+e� ! HZ cross-section, producing at least a million
Higgs bosons over a period of 7 years.

Apart from the Higgs boson, the top quark could play
an equally important role in the electroweak symmetry
breaking mechanism [6]. By virtue of its large mass, it is
often thought of as a window to new physics. Producing
top quark pairs at a lepton collider would, however, re-
quire a minimum center-of-mass energy of about 2mtop ⇡
345 GeV, beyond the currently planned CEPC energy.
While an energy upgrade above the tt̄ threshold remains
an option, an interesting question to ask is whether we
could still learn something about the top quark at an en-
ergy below the production threshold. One possibility, for
instance, would be to study virtual top quarks, which ap-
pear in almost all electroweak processes due to quantum
corrections [7–9].

In this work, we study a di↵erent possibility: in-

stead of producing pairs of top quarks on shell, single top
quark can be produced in association with a light quark.
The process e+e� ! t(t̄)j is possible with Ecm = 240
GeV. This process is highly suppressed by the Glashow-
Iliopoulos-Maiani (GIM) mechanism [10] in the Standard
Model (SM), but if physics beyond SM exists and gives
rise to the so called top quark flavor-changing neutral
(FCN) interactions, this production mode could happen
via an s-channel Z or photon, or via a contact four-
fermion FCN interaction. The top quark FCN couplings
have been searched for at the LHC, Tevatron, LEP2 and
HERA experiments [11–52]. Currently, the best con-
straints of the two-fermion FCN couplings come from
the LHC [15, 24, 34, 39, 40], while the four-fermion con-
tact interactions have received much less attention, even
though they are indispensable for a complete description
of FCN couplings, and are also motivated by the explicit
models beyond SM [53–56]. Interestingly, it was shown
that the best sensitivity for the eetq contact interactions
is still given by the LEP2 experiments, despite its much
lower integrated luminosity [53, 57]. LHC and LEP2 thus
provide complementary constraints of the theory space
spanned by the two types of FCN interactions. This im-
mediately implies that a future e+e� collider could fur-
ther improve our knowledge of the top quark flavor prop-
erties. The goal of this paper is to study the prospects
of top FCN couplings at CEPC, to demonstrate that a
similar complementarity is expected between CEPC and

⇤ supported by CNRS via the LIA FCPPL, by the CEPC theory study grant, and by IHEP under Contract No. Y7515540U1.
1 E-mail: liaoshan.shi@cern.ch
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Abstract: This paper presents a combined analysis of the potential of a future

electron-positron collider to constrain the Higgs, top and electro-weak (EW) sectors

of the Standard Model E↵ective Field Theory (SMEFT). The leading contributions of

operators involving top quarks arise mostly at one-loop suppressed order and can be

captured by the renormalization group mixing with Higgs operators. We perform global

fits with an extended basis of 29 parameters, including both Higgs and top operators,

to the projections for the Higgs, top and electro-weak precision measurements at the

International Linear Collider (ILC). The determination of the Higgs boson couplings in

the 250 GeV stage of the ILC is initially severely degraded by the additional top-quark

degrees of freedom, but can be nearly completely recovered by the inclusion of precise

measurements of top-quark EW couplings at the LHC. The physical Higgs couplings

are relatively robust, as the top mass is larger than the energy scale of EW processes.

The e↵ect of the top operators on the bounds on the Wilson coe�cients is much more

pronounced and may limit our ability to identify the source of deviations from the

Standard Model. Robust global bounds on all Wilson coe�cients are only obtained

when the 500 GeV stage of the ILC is included.
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R

.M
.M

ünker, 2
Yu.N

efedov, 8

K
.N

ow
ak, 24

A
.N

ürnberg, 2,f
M

.Pandurović, 7
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The electro-weak couplings of the top and bottom
quarks – global fit and future prospects
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Abstract: We evaluate the implications of LHC and LEP/SLC measurements for the
electro-weak couplings of the top and bottom quarks. We derive global bounds on the
Wilson coe�cients of ten two-fermion operators in an e�ective field theory description.
The combination of hadron collider data with Z-pole measurements is found to yield tight
limits on the operator coe�cients that modify the left-handed couplings of the bottom and
top quark to the Z boson. We also present projections for the high-luminosity phase of the
LHC and for future electron-positron colliders. The bounds on the operator coe�cients
are expected to improve substantially during the remaining LHC programme, by factors of
1 to 5 if systematic uncertainties are scaled as statistical ones. The operation of an e+e≠

collider at a center-of-mass energy above the top-quark pair production threshold is ex-
pected to further improve the bounds by one to two orders of magnitude. The combination
of measurements in pp and e+e≠ collisions allows for a percent-level determination of the
top-quark Yukawa coupling, that is robust in a global fit.ar
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Abstract: We study the sensitivity to physics beyond the standard model of precise
top-quark pair production measurements at future lepton colliders. A global e�ective-
field-theory approach is employed, including all dimension-six operators of the Warsaw basis
which involve a top-quark and give rise to tree-level amplitudes that interfere with standard-
model e+e≠

æ t t̄ æ bW + b̄W ≠ ones in the limit of vanishing b-quark mass. Four-fermion
and CP-violating contributions are taken into account. Circular-collider-, ILC- and CLIC-
like benchmark run scenarios are examined. We compare the constraining power of various
observables to a set of statistically optimal ones which maximally exploit the information
contained in the fully di�erential bW + b̄W ≠ distribution. The enhanced sensitivity gained
on the linear contributions of dimension-six operators leads to bounds that are insensitive
to quadratic ones. Even with statistically optimal observables, two centre-of-mass energies
are required for constraining simultaneously two- and four-fermion operators. The impact
of the centre-of-mass energy lever arm is discussed, that of beam polarization as well. A
realistic estimate of the precision that can be achieved in ILC- and CLIC-like operating
scenarios yields individual limits on the electroweak couplings of the top quark that are
one to three orders of magnitude better than constraints set with Tevatron and LHC run I
data, and three to two hundred times better than the most optimistic projections made for
the high-luminosity phase of the LHC. Clean global constraints can moreover be obtained
at lepton colliders, robustly covering the multidimensional e�ective-field-theory space with
minimal model dependence.
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Abstract: We perform a global e↵ective-field-theory analysis to assess the combined precision on Higgs couplings,

triple gauge-boson couplings, and top-quark couplings, at future circular e
+
e
� colliders, with a focus on runs below

the tt̄ production threshold. Deviations in the top-quark sector entering as one-loop corrections are consistently

taken into account in Higgs and diboson processes. We find that future lepton colliders running at center-of-mass

energies below the tt̄ production threshold can still provide useful information on top-quark couplings, by measuring

virtual top-quark e↵ects. With rate and di↵erential measurements, the indirect individual sensitivity achievable is

better than at the high-luminosity LHC. However, strong correlations between the extracted top-quark and Higgs

couplings are also present and lead to much weaker global constraints on top-quark couplings. This implies that a

direct probe of top-quark couplings above the tt̄ production threshold is helpful also for the determination of Higgs

and triple-gauge-boson couplings. In addition, we find that below the e+e� ! tt̄h production threshold, the top-quark

Yukawa coupling can be determined by its loop corrections to all Higgs production and decay channels. Degeneracy

with the ggh coupling can be resolved, and even a global limit is competitive with the prospects of a linear collider

above the threshold. This provides an additional means of determining the top-quark Yukawa coupling indirectly at

lepton colliders.

Key words: e↵ective field theory, top quark, lepton collider

PACS: 13.66.Fg, 14.65.Ha, 14.80.Bn

1 Introduction

After the discovery of the Higgs boson [1, 2], un-
derstanding the electroweak symmetry breaking mech-
anism remains one of the major challenges in particle
physics. The determination of Higgs couplings at the
Large Hadron Collider (LHC) is now approaching, and
in some cases surpassing, the 10% precision level. Im-
provements beyond this level can be foreseen at proposed
e
+
e
� colliders. These machines could run at a center-of-

mass energy of 240–250 GeV—where the maximum of
the e

+
e
�
! hZ cross section lies—or even above, and

would provide a much cleaner environment for precision
determination of Higgs couplings. Prospects have been
widely studied through global analyses in the standard-
model e↵ective field theory (SMEFT) and revealed that
improvements of up to several orders of magnitude can
be achieved compared to present limits [3–9].

Given the expected precision of measurements at fu-
ture lepton colliders, next-to-leading-order (NLO) theory
predictions in the SMEFT can potentially be relevant.

These corrections can involve e↵ective operators which
do not appear at leading order, and therefore provide
new opportunities in the exploration of physics beyond
the standard model (SM). The indirect determination
of the trilinear Higgs self-coupling, which enters single
Higgs production and decay processes at one loop, has
for instance already been studied [8–10].

E↵ective operators which give rise to anomalous tbW ,
ttZ, tt� and tth couplings of the top quark can also be-
come relevant at one loop. If future lepton colliders run
above the e+e� ! tt̄ and tt̄h production thresholds, these
operator coe�cients will be determined by direct mea-
surements (see Ref. [11] for a recent global study of top-
quark operators at future lepton colliders). Yet, at lower
center-of-mass energies, they enter in loop corrections
to other electroweak processes. Recently, it has been
pointed out that these corrections are not negligible al-
ready at the LHC [12]. Runs of future lepton colliders
below the tt̄ and tt̄h production thresholds may thus still
provide complementary information on top-quark cou-

1 E-mail: gauthier.durieux@desy.de
2 E-mail: jiagu@uni-mainz.de
3 E-mail: eleni.vryonidou@cern.ch
4 E-mail: cenzhang@ihep.ac.cn
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Liaoshan Shi (ÛΩ )1 Cen Zhang ( ë)1,2

1 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: We propose to study the flavor properties of the top quark at the future Circular Electron Positron

Collider (CEPC) in China. We systematically consider the full set of 56 real parameters that characterize the flavor-

changing neutral interactions of the top quark, which can be tested at CEPC in the single top production channel.

Compared with the current bounds from the LEP2 data and the projected limits at the high-luminosity LHC,

we find that CEPC could improve the limits of the four-fermion flavor-changing coe�cients by one to two orders of

magnitude, and would also provide similar sensitivity for the two-fermion flavor-changing coe�cients. Overall, CEPC

could explore a large fraction of currently allowed parameter space that will not be covered by the LHC upgrade.

We show that the c-jet tagging capacity at CEPC could further improve its sensitivity to top-charm flavor-changing

couplings. If a signal is observed, the kinematic distribution as well as the c-jet tagging could be exploited to pinpoint

the various flavor-changing couplings, providing valuable information about the flavor properties of the top quark.

Key words: top quark, flavor-changing neutral current, lepton collider

PACS: 13.66.Bc, 14.65.Ha, 14.80.Bn

1 Introduction

After the discovery of the Higgs boson [1, 2], the focus
of high energy physics turned to the study of its detailed
properties. While the Higgs measurements at the Large
Hadron Collider (LHC) could reach a precision level of
about 5%⇠10% [3] (except for the Higgs trilinear cou-
pling), precision measurements of Higgs couplings could
benefit from the cleaner environment of a future e+e�

collider. Among several proposals, the Circular Electron
Positron Collider (CEPC) in China [4, 5] is proposed to
run as a Higgs factory at 240 GeV, which maximizes the
e+e� ! HZ cross-section, producing at least a million
Higgs bosons over a period of 7 years.

Apart from the Higgs boson, the top quark could play
an equally important role in the electroweak symmetry
breaking mechanism [6]. By virtue of its large mass, it is
often thought of as a window to new physics. Producing
top quark pairs at a lepton collider would, however, re-
quire a minimum center-of-mass energy of about 2mtop ⇡
345 GeV, beyond the currently planned CEPC energy.
While an energy upgrade above the tt̄ threshold remains
an option, an interesting question to ask is whether we
could still learn something about the top quark at an en-
ergy below the production threshold. One possibility, for
instance, would be to study virtual top quarks, which ap-
pear in almost all electroweak processes due to quantum
corrections [7–9].

In this work, we study a di↵erent possibility: in-

stead of producing pairs of top quarks on shell, single top
quark can be produced in association with a light quark.
The process e+e� ! t(t̄)j is possible with Ecm = 240
GeV. This process is highly suppressed by the Glashow-
Iliopoulos-Maiani (GIM) mechanism [10] in the Standard
Model (SM), but if physics beyond SM exists and gives
rise to the so called top quark flavor-changing neutral
(FCN) interactions, this production mode could happen
via an s-channel Z or photon, or via a contact four-
fermion FCN interaction. The top quark FCN couplings
have been searched for at the LHC, Tevatron, LEP2 and
HERA experiments [11–52]. Currently, the best con-
straints of the two-fermion FCN couplings come from
the LHC [15, 24, 34, 39, 40], while the four-fermion con-
tact interactions have received much less attention, even
though they are indispensable for a complete description
of FCN couplings, and are also motivated by the explicit
models beyond SM [53–56]. Interestingly, it was shown
that the best sensitivity for the eetq contact interactions
is still given by the LEP2 experiments, despite its much
lower integrated luminosity [53, 57]. LHC and LEP2 thus
provide complementary constraints of the theory space
spanned by the two types of FCN interactions. This im-
mediately implies that a future e+e� collider could fur-
ther improve our knowledge of the top quark flavor prop-
erties. The goal of this paper is to study the prospects
of top FCN couplings at CEPC, to demonstrate that a
similar complementarity is expected between CEPC and

⇤ supported by CNRS via the LIA FCPPL, by the CEPC theory study grant, and by IHEP under Contract No. Y7515540U1.
1 E-mail: liaoshan.shi@cern.ch
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Abstract: This paper presents a combined analysis of the potential of a future

electron-positron collider to constrain the Higgs, top and electro-weak (EW) sectors

of the Standard Model E↵ective Field Theory (SMEFT). The leading contributions of

operators involving top quarks arise mostly at one-loop suppressed order and can be

captured by the renormalization group mixing with Higgs operators. We perform global

fits with an extended basis of 29 parameters, including both Higgs and top operators,

to the projections for the Higgs, top and electro-weak precision measurements at the

International Linear Collider (ILC). The determination of the Higgs boson couplings in

the 250 GeV stage of the ILC is initially severely degraded by the additional top-quark

degrees of freedom, but can be nearly completely recovered by the inclusion of precise

measurements of top-quark EW couplings at the LHC. The physical Higgs couplings

are relatively robust, as the top mass is larger than the energy scale of EW processes.

The e↵ect of the top operators on the bounds on the Wilson coe�cients is much more

pronounced and may limit our ability to identify the source of deviations from the

Standard Model. Robust global bounds on all Wilson coe�cients are only obtained

when the 500 GeV stage of the ILC is included.
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See M. Vos’s talk for more studies                  

Studies explore sensitivity to Top interactions  
in 2 possible ways:

2. Direct Top production
1. Indirectly, via effects in non-Top observables



Indirect tests of Top interactions

24

• Indirect effects of  Top interaction in observables via loop effects

• Does not require specific Top measurements: effects in precision EW/Higgs 
observables → Accessible at low-E circular/linear colliders

• Studies restricted to EW top operators. Large number of ops. in a global 
study would not permit to close the fit without adding direct Top measurements…

Snowmass 2021 - EF03 & EF04 WG meeting 
Jan 29, 2021

Jorge de Blas 
University of Granada

Prepared for Chinese Physics CPrepared for Chinese Physics CPrepared for Chinese Physics C

3 Theory predictions

To the precision needed for this work, the theory pre-
dictions for, e.g., total cross sections can be written as

�=�SM+Ch(µEFT)�tree

+Ct(µEFT)
↵EW

⇡

✓
�log log

Q
2

µ2

EFT

+�fin

◆
.

(10)

Here, Ch(µEFT) is the coe�cient of some Higgs or TGC
operator Oh that contributes at the tree level, and µEFT

is the scale at which the coe�cient is defined. In this
work we take µEFT =mH for all measurements. Ct is the
coe�cient of some top-quark operator Ot which enters
at the loop level and could potentially mix into Oh. Q

2

is the scale of the process. The calculation of �tree is
straightforward while �log can be obtained from the run-
ning of SMEFT coe�cients. In this section, we review
the computation of the genuine electroweak corrections
�fin carried out in Ref. [12] for Higgs processes. We then
compute them for e+e� !W

+
W

� production.

t
t

t

t

Fig. 1. Selected diagrams for dimension-six top-
quark contributions to e

+
e
� ! W

+
W

�. Red
lines represent the top quark. Blobs represent
dimension-six operator insertions.

The complete set of electroweak NLO corrections
from top-quark operators to precision electroweak opera-
tors was first given in Ref. [26]. Results can conveniently
be obtained in the “star scheme” [27], because all con-
tributions are oblique. For Higgs production this is not
any longer the case. In addition to the V V self-energy
corrections one has to compute also hh and hV V func-
tions, where V is a photon, W or Z boson. While several
calculations were available in the literature [13–19], the
complete results for top-quark operator contributions to
Higgs production in the V h and VBF channels, as well
as decay modes h! ��,�Z,Wl⌫,Zll, bb̄,µµ,⌧⌧ were first
presented in Ref. [12]. This excludes the four-fermion op-
erators mentioned previously. The calculation is imple-
mented in the MadGraph5 aMC@NLO framework [28]
whose reweighting functionality [29] is used to compute
the dimension-six top- and bottom-quark loop contribu-
tions. The SM parameters are renormalized consistently

in the mW , mZ and GF scheme up to dimension six, and
operator coe�cients are renormalized in the MS scheme.
The rational R2 counterterms are computed following
the scheme of Ref. [30–32], for ZZ, hh, hV V , ffV and
ffh loop functions. The implementation provides an
automatic and convenient way to simulate indirect con-
tributions from top-quark operators, which enter Higgs
processes as NLO electroweak corrections. Events can
be generated and matched to parton shower, allowing
for detailed investigations using the full di↵erential in-
formation.

It is well known that, in the SMEFT formalism, the
measurements of Higgs couplings and TGCs are entan-
gled [33–35]. W pair production is therefore an impor-
tant component of global Higgs analyses at future lep-
ton colliders. For this reason, we extend the calcula-
tion of Ref. [12] to incorporate the e

+
e
�
!W

+
W

� pro-
cess. Some diagrams involving dimension-six operators
are shown in Fig. 1. Additional counterterms need to be
computed for theWW� andWWZ vertexes. Among the
three TGC operators, only OW and OB are renormalized
by top-quark operators. The anomalous dimensions are
derived in Ref. [12]. Another di�culty is that the WW�

function involves a triangle anomaly diagram. In our
scheme, this implies that the R2 counterterms depend
on the choice of the vertex from which the trace of the
fermion loop starts. This e↵ect is in principle canceled
by a Wess-Zumino term generated when chiral fermions
in the full theory are integrated out [36]. The problem
can be fixed by imposing the Ward identity of the pho-
ton in the low-energy e↵ective theory. We provide more
details in Appendix A. We have validated our implemen-
tation of the WW� vertex by computing processes with
an external photon and checking that the Ward identity
is satisfied.

Our global analysis relies on the assumption that
precision electroweak measurements are perfectly con-
strained to be SM-like. This has consequences on our
renormalization scheme, as explained in the following.

In our operator basis, precision electroweak observ-
ables receive tree-level contributions from O'WB and
O'D operators. At that order, their coe�cients are
thus simply removed from the fit by assuming the mea-
surements of precision electroweak observables perfectly
match SM predictions. Top-quark operators however
start contributing at the loop level. In the MS scheme,
the same assumption implies that C'WB and C'D need
to take specific values to cancel these loop corrections.
These nonzero values will then in turn modify other
Higgs production and decay channels, making the fit
more complicated. In Ref. [12], a more convenient ap-
proach has been followed, where C'WB and C'D are de-
fined in the on-shell scheme using oblique parameters as
renormalization conditions. Therefore, if the oblique pa-

4

WH,ZH VBF

=

=

+

+

+

+

+

+ +

W,Z masses, oblique paretmers

H    bb

+ +=

= +++

Figure 1. Electroweak contributions from two-fermion top-quark operators to the production and
decay of the Higgs boson, the oblique parameters, and the SM input parameters which we will take
as MW , MZ and GF (from muon decay). Here blue fermion lines represent light fermions, and red
fermion lines represent the top quark. Large grey blobs denote collectively the SM contributions
and dim-6 EW corrections from top-quark loops, as illustrated below the processes. Dark small
blobs represent the dim-6 operator insertions. Diagrams that can be obtained by crossing legs or
reversing fermion flows are not shown.

and/or future lepton colliders? and 2) can Higgs measurements help to constrain top-quark
couplings?

To answer these two questions, in this work we compute the EW loop-induced contribu-
tions from dim-6 top-quark two-fermion operators in the following main Higgs production
and decay processes:

production at LHC: VBF, WH, ZH

production at lepton collider: ZH, VBF
decay: H ! ��, �Z, Wl⌫, Zll, bb̄, µ+µ�, ⌧+⌧�.

All relevant contributions are shown in Figure 1.
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H production and decay EW production
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Fig. 4. Global one-sigma precision reach on the 18 top-quark (left) and Higgs (right) operator coe�cients deriving
from HL-LHC and circular lepton collider measurements. The Higgs parameter definitions are that of Ref. [5].
Large degeneracies are present in the CC 240GeV scenario and push the precision reach on some operator coe�-
cients outside of the plot range. With lepton-collider measurements only, CtG and c̄gg remain fully correlated. The
constraint displayed for c̄gg is then actually to be interpreted as applying on c̄gg+0.46CtG.

Eq. (2) and (8). It amounts to 18 degrees of freedom
once the trilinear Higgs boson self-coupling is included.
Note that �yt and Ct' represent the same degree of free-
dom since they are related through Eq. (7). The reach on
the top-quark and Higgs operator coe�cients is respec-
tively shown in the left and right panels. For top-quark
operators, five scenarios are presented. The first column
shows the reach of the HL-LHC measurements. The sec-
ond column shows the indirect reach of a 240 GeV run.
This result is then combined with the HL-LHC measure-
ments and displayed in the third column. The fourth and
the fifth columns display similar information, but with
all three energies, 240, 350 and 365 GeV. The e

+
e
�
! tt̄

measurements are then in particular included. We also
display the impact of �� on the reach of the top-quark
operators. The results shown with the light shades are
obtained by setting �� to zero, and the ones with darker
shades are obtained by marginalizing over ��. The im-
pact of �� is small once the double Higgs measurements
of the HL-LHC are included.

As expected, the indirect global reach of Higgs and di-
boson measurements on top-quark operator coe�cients
is much lower than the individual one. In particular,
large degeneracies are present when data from a 240 GeV
run only is exploited, pushing global limits beyond the
range of validity of the EFT. While the dependence of
observables used in the fit on dimension-six operator co-
e�cients is still dominated by linear contributions, these
limits should be interpreted with care. The di↵erence
between individual and global constraints is particularly
pronounced for CtB, Ct' and CtG due to their approx-
imate degeneracies with Higgs operators. The h ! ��

branching fraction is for instance very well constrained
but, alone, does not discriminate between the contribu-
tions from Ct', CtB and c̄�� . Similarly, h! gg measure-

ments only constrain a combination of Ct', CtG and c̄gg.
Lepton collider runs nevertheless provide some marginal
improvement in a combination with direct top-quark
measurements at the HL-LHC. Note that the OtG opera-
tor enters h! gg but no other measurement at 240 GeV.
So its marginalized limit without combination with HL-
LHC data is absent. At higher energies, it could enter
in NLO corrections to tt̄ production (or in tt̄j) which
we do not include. This is in contrast with Ot' whose
marginalized limit at lepton colliders derive from its loop
corrections to other channels which are however not loop-
induced. We will further discuss the reach on the top-
quark Yukawa coupling at the end of this section. Direct
measurements of e+e� ! tt̄ still yield the best handle on
top-quark operator coe�cients. As mentioned earlier, it
remains to be examined whether they are also e�cient
in constraining indirectly the Ot' and OtG operator coef-
ficients in a global analysis. In our treatment, the main
constraints on these parameters arise from the HL-LHC
measurements of tt̄, tt̄h, and gg!h.

In the right panel of Fig. 4, the one-sigma reach on
Higgs couplings are presented for circular lepton collid-
ers with and without combination with HL-LHC data.
The impact of a 240 GeV run alone is again separated
from that of the full scenario considered, with operation
at center-of-mass energies of 240, 350 and 365 GeV. In
this figure, we aim to answer the second question raised
in the introduction, by emphasizing the impact of uncer-
tainties on top-quark couplings on the extraction of Higgs
couplings. This is visible in the di↵erence between bars
of lighter and darker shades, for which the correspond-
ing top-quark operator coe�cients (including �yt) are re-
spectively marginalized over or set to zero. Considering
a lepton collider run at 240 GeV only, without any di-
rect constraint on top-quark operator coe�cients, these
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Figure 3. Global fit results for the ILC 250 scenario. The upper panel presents the result in

terms of the precision on the physical Higgs couplings (Eq. (3.3)). The lower panel presents

the 1� bounds on the operator coe�cients, renormalized at Q0 = 1 TeV with a suppression

scale v. RG contributions are evaluated at Q = max(mt, Qproc) as in Eq. (3.22) and Table 2.

In both panels, the first column corresponds to a 22-parameter fit without top operators [19],

used as a reference throughout the paper. The second column presents the result that is

obtained when the basis is extended with the seven top operator coe�cients described in

Section 3.2 and LHC run 2 data are added. The last column repeats the same fit with the

expectations of the S2 scenario for the measurement of the top quark electro-weak couplings

at HL-LHC. In the bottom panel, white marks are results with only one operator. Results

are tabulated in Table 13 and 14.

with the inclusion of stronger top production data from HL-LHC, almost to the level

without top e↵ects.

The robustness of the bounds on the physical Higgs couplings is understood as fol-

lows. The renormalization scale Q = max(mt, Qproc) for top-loop e↵ects is mt for many
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Loop effects for EW Top ops. 
(RGE effects known for all ops.) 

See also M. Vos’s talk                  
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• Dedicated Global EFT analysis of e+e- →tt using statistical optimal observables

✓ Covariance matrix available for FCCee (350-365 GeV), ILC (500-1000 GeV)) and 
CLIC (380-3000 GeV)

• Idealized framework: Only stat. error. What is the effect of Top systematics?

Snowmass 2021 - EF03 & EF04 WG meeting 
Jan 29, 2021

Jorge de Blas 
University of Granada

1

-1

-1

-1

1

1

-1

1

1

1

-0.9

-1

0.3

-0.3

-0.1

0.1

-0.9

1

0.9

-0.7

0.8

0.1

-1

0.9

1

-0.4

0.5

0.1

-0.1

0.3

-0.7

-0.4

1

-0.9

-0.3

0.8

0.5

-0.9

1

-0.1

0.1

0.1

1

-0.9

0.1

-0.1

-0.9

1

10
�4

10
�3

10
�2

10
�1

10
0

10
1

statistically optimal observables

CC-like run scenario

200 fb
�1

at
p
s = 350 GeV

1.5 ab
�1

at
p
s = 365 GeV

P (e
+
, e

�
) = (0%, 0%)

C
A

lq
0.71
/47

C
A
eq

0.62
/28

C
A
'q

20
/70

C
V

lq
0.29
/95

C
V
eq

0.37
/82

C
V
'q

8.9
/52

C
R

uZ
0.38
/8.6

C
R

uA
0.59
/59

C
I

uZ
3.4
/2.8

C
I

uA
0.62
/2.8

0
.2
1
3

Figure 23. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables in a circular collider (CC-)like benchmark run scenario.
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Figure 24. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables, in an ILC-like benchmark run scenario.
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Figure 25. Global one-sigma constraints and correlation matrix arising from the measurement of
statistically optimal observables in a CLIC-like benchmark run scenario.
The white marks indicate the constraints that are individually obtained when all other operator
coe�cients are set to zero. The dashed lines provides the global determinant parameter of the
constraints on all ten operator coe�cients, or on CP-conserving ones only. Numerical values for
the marginalized constraints and their ratio to individual ones are provided on the left-hand side.
Entries of the covariance matrix are rounded to the first decimal place. � = 1 TeV is assumed. The
overall t t̄ reconstruction e�ciencies quoted in Table 5 are employed at the di�erent centre-of-mass
energies.
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Figure 23. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables in a circular collider (CC-)like benchmark run scenario.
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Figure 24. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables, in an ILC-like benchmark run scenario.
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Figure 25. Global one-sigma constraints and correlation matrix arising from the measurement of
statistically optimal observables in a CLIC-like benchmark run scenario.
The white marks indicate the constraints that are individually obtained when all other operator
coe�cients are set to zero. The dashed lines provides the global determinant parameter of the
constraints on all ten operator coe�cients, or on CP-conserving ones only. Numerical values for
the marginalized constraints and their ratio to individual ones are provided on the left-hand side.
Entries of the covariance matrix are rounded to the first decimal place. � = 1 TeV is assumed. The
overall t t̄ reconstruction e�ciencies quoted in Table 5 are employed at the di�erent centre-of-mass
energies.
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Figure 23. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables in a circular collider (CC-)like benchmark run scenario.
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Figure 24. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables, in an ILC-like benchmark run scenario.
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Figure 25. Global one-sigma constraints and correlation matrix arising from the measurement of
statistically optimal observables in a CLIC-like benchmark run scenario.
The white marks indicate the constraints that are individually obtained when all other operator
coe�cients are set to zero. The dashed lines provides the global determinant parameter of the
constraints on all ten operator coe�cients, or on CP-conserving ones only. Numerical values for
the marginalized constraints and their ratio to individual ones are provided on the left-hand side.
Entries of the covariance matrix are rounded to the first decimal place. � = 1 TeV is assumed. The
overall t t̄ reconstruction e�ciencies quoted in Table 5 are employed at the di�erent centre-of-mass
energies.
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Figure 23. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables in a circular collider (CC-)like benchmark run scenario.
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Figure 24. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables, in an ILC-like benchmark run scenario.

1

-0.5

0.2

1

0.4

-0.3

-0.5

0.4

1

-0.1

0.2

1

-0.2

0.2

0.2

-0.3

-0.2

1

-0.2

0.3

1

0.9

0.2

-0.2

0.9

1

-0.1

-0.1

0.2

0.3

-0.1

1

1

-0.2

-0.2

1

10
�4

10
�3

10
�2

10
�1

10
0

10
1

0
.0
0
6
7
8

0
.0
0
4
3
3

statistically optimal observables

CLIC-like run scenario

500 fb
�1

at
p
s = 380 GeV

1.5 ab
�1

at
p
s = 1.4 TeV

3 ab
�1

at
p
s = 3TeV

P (e
+
, e

�
) = (0%,⌥80%)

C
A

lq
0.00034

/1.2

C
A
eq

0.00037
/1.2

C
A
'q

0.26
/1.3

C
V

lq
0.00027

/1.2

C
V
eq

0.00032
/1.2

C
V
'q

0.23
/2.2

C
R

uZ
0.055

/2.3

C
R

uA
0.014

/1.2

C
I

uZ
0.06

/1

C
I

uA
0.028

/1
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Flat directions → 2 separate Energies needed → ΔΕ ?

• Dedicated Global EFT analysis of e+e- →tt using statistical optimal observables

✓ Covariance matrix available for FCCee (350-365 GeV), ILC (500-1000 GeV)) and 
CLIC (380-3000 GeV)

• Idealized framework: Only stat. error. What is the effect of Top systematics?
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• High-Energy Future lepton colliders: Enough to close a global EW/
H/Top fit

• No similar global EFT studies available for the HL-LHC or 100 TeV 
pp collider (Also not in LOIs submitted to Snowmass2021)
✓ Needed for combination of HL-LHC + future lepton colliders
✓ Results available from current LHC data ⇒ Extrapolation? 

Snowmass 2021 - EF03 & EF04 WG meeting 
Jan 29, 2021

Jorge de Blas 
University of Granada

Figure 4.10. The symmetrised 95% CL bounds for the fit parameters, ”ci, obtained in the closure
tests at levels 0, 1a and 2.

Figure 4.11. Same as Fig. 4.5, now comparing the results of two L2 closure test fits with and without
O

!
�≠4"

SMEFT corrections. Our baseline results include these corrections.
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A Monte Carlo global analysis of the
Standard Model E�ective Field Theory:

the top quark sector
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Abstract

We present a novel framework for carrying out global analyses of the Standard Model E�ec-
tive Field Theory (SMEFT) at dimension-six: SMEFiT. This approach is based on the Monte
Carlo replica method for deriving a faithful estimate of the experimental and theoretical uncer-
tainties and enables one to construct the probability distribution in the space of the SMEFT
degrees of freedom. As a proof of concept of the SMEFiT methodology, we present a first study
of the constraints on the SMEFT provided by top quark production measurements from the
LHC. Our analysis includes more than 30 independent measurements from 10 di�erent pro-
cesses at

Ô
s = 8 and 13 TeV such as inclusive tt̄ and single-top production and the associated

production of top quarks with weak vector bosons and the Higgs boson. State-of-the-art theo-
retical calculations are adopted both for the Standard Model and for the SMEFT contributions,
where in the latter case NLO QCD corrections are included for the majority of processes. We
derive bounds for the 34 degrees of freedom relevant for the interpretation of the LHC top quark
data and compare these bounds with previously reported constraints. Our study illustrates the
significant potential of LHC precision measurements to constrain physics beyond the Standard
Model in a model-independent way, and paves the way towards a global analysis of the SMEFT.
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• High-Energy Future lepton colliders: Enough to close a global EW/
H/Top fit

• No similar global EFT studies available for the HL-LHC or 100 TeV 
pp collider (Also not in LOIs submitted to Snowmass2021)
✓ Needed for combination of HL-LHC + future lepton colliders
✓ Results available from current LHC data ⇒ Extrapolation? 

• Going beyond: Including Top FCNC? 

Snowmass 2021 - EF03 & EF04 WG meeting 
Jan 29, 2021
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Precise predictions for top-quark flavor-changing neutral
interactions at future lepton colliders

Snowmass letter of intent

Gauthier Durieux, Stefano Frixione, Benjamin Fuks, Hua-Sheng
Shao, Liaoshan Shi, Marco Zaro, Cen Zhang, and Xiaoran Zhao

While the analysis of the data recorded during the second run of the LHC is still on-
going, no compelling direct evidence for new physics has been observed so far. These null
search results have consequently pushed the limits on the masses of any potential particle
extending the Standard Model (SM) of particle physics to rather high scales, well within
the TeV regime. For this reason, the Standard Model E↵ective Field Theory (SMEFT)
framework, in which new phenomena are parameterised by higher-dimensional operators
in the SM fields, has received more and more attention in the last few years. It is today
considered as a proper framework to study deviations from the SM, not only in the sense
that it is a useful way to parameterise any new physics e↵ects, but also as it could be tested
per se. We propose to focus on the SMEFT operators that impact the phenomenology of the
top quark, and in particular those involving new flavor-changing neutral interactions. The
reason lies behind the large mass of the top quark, so that one expects it to be intimately
linked to new physics. Studying the properties of the top quark is therefore of utmost
importance for a potential discovery of any new phenomenon.

On the other hand, the high-energy physics community is currently investigating options
for collider experiments to be run in the next decades. We position the work envisaged in
this letter of interest within this context, focusing on a future lepton collider. Several future
lepton collider proposals are under consideration, including the Circular Electron Positron
Collider (CEPC) in China, the Future Circular Collider with e+e (FCC-ee) at CERN, the
International Linear Collider (ILC) in Japan, and the Compact Linear Collider (CLIC)
at CERN aiming at running at higher center-of-mass energies. We propose to study and
compare the potential sensitivity of these future machines to flavour-changing interactions
of the top quark, by achieving test-case studies including precision predictions in the global
and model-independent SMEFT framework.

While the collider reaches of these interactions have been studied in the past, comprehen-
sive and model-independent studies based on the SMEFT framework and including realistic
collider analyses are still missing. Most results in the literature are either based on the
anomalous-coupling approach or have ignored the four-fermion contact flavor-changing in-
teractions. These studies are thus less model-independent, in particular as it has been shown
that future lepton colliders have a much better reach on the four-fermion interactions com-
pared to LHC and its future upgrades [1, 2]. Furthermore, a complete SMEFT analysis
requires higher-order corrections to be consistently incorporated to any desired order, and
should hence rely on precision predictions not only for total rates, but as well as for distri-
butions [3]. Both indeed play crucial roles, given the high accuracy measurements expected
at those future machines.

Automatic new physics simulations at the next-to-leading-order (NLO) accuracy in QCD
are standard for proton-proton collisions, but they still cannot be obtained straightforwardly
for e+e� collisions, especially for the full set of processes relevant for top-quark flavor-

SNOWMASS21-EF3_EF0-265  ⇒

Figure 4.10. The symmetrised 95% CL bounds for the fit parameters, ”ci, obtained in the closure
tests at levels 0, 1a and 2.

Figure 4.11. Same as Fig. 4.5, now comparing the results of two L2 closure test fits with and without
O

!
�≠4"

SMEFT corrections. Our baseline results include these corrections.
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Abstract

We present a novel framework for carrying out global analyses of the Standard Model E�ec-
tive Field Theory (SMEFT) at dimension-six: SMEFiT. This approach is based on the Monte
Carlo replica method for deriving a faithful estimate of the experimental and theoretical uncer-
tainties and enables one to construct the probability distribution in the space of the SMEFT
degrees of freedom. As a proof of concept of the SMEFiT methodology, we present a first study
of the constraints on the SMEFT provided by top quark production measurements from the
LHC. Our analysis includes more than 30 independent measurements from 10 di�erent pro-
cesses at

Ô
s = 8 and 13 TeV such as inclusive tt̄ and single-top production and the associated

production of top quarks with weak vector bosons and the Higgs boson. State-of-the-art theo-
retical calculations are adopted both for the Standard Model and for the SMEFT contributions,
where in the latter case NLO QCD corrections are included for the majority of processes. We
derive bounds for the 34 degrees of freedom relevant for the interpretation of the LHC top quark
data and compare these bounds with previously reported constraints. Our study illustrates the
significant potential of LHC precision measurements to constrain physics beyond the Standard
Model in a model-independent way, and paves the way towards a global analysis of the SMEFT.
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• The Top sector was only superficially explored in the 2020 
European Strategy Update

• Extending the ESU 2020 SMEFT fits requires extra observables:
✓ Depending on flavor assumptions
✓ Future collider precision & energy gives access to direct (tt+X production) 

and indirect (NLO effects in non-Top obs.) probes of  Top EFT operators
✓ Information available for future lepton colliders in the idealized framework 

of statistical optimal observables
‣ Extend to more realistic study including systematics?
‣ Flat directions with only one E (e.g. 365 GeV)

✓ Need at least projections at HL-LHC to study combined reach with future 
lepton colliders 

✓ FCNC?

• Don’t forget: bb observables also needed to resolve all operators 
involving the 3rd family:

Snowmass 2021 - EF03 & EF04 WG meeting 
Jan 29, 2021

Jorge de Blas 
University of Granada
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q̄iqi, ūiui, d̄idi (24)

q̄3q3, t̄t, b̄b, t̄b, q̄3t, q̄3b (25)
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